Introduction {#j_hukin-2019-0024_s_001}
============

Balance performance has a fundamental role in many athletic activities, and skill in postural control may determine a successful performance ([@j_hukin-2019-0024_ref_002]; [@j_hukin-2019-0024_ref_029]). The ability to minimize postural sway can be defined as postural performance ([@j_hukin-2019-0024_ref_034]), and may be evaluated in a stable state or following a specific perturbation ([@j_hukin-2019-0024_ref_015]). Athletes usually have superior balance ability compared to non‐athletes ([@j_hukin-2019-0024_ref_013]) and athletes at the highest level of competition have more stable posture than those at the lower level ([@j_hukin-2019-0024_ref_034]). Even if the importanceof balance to sport activities may appear apparent, its relationship with performance and motor abilities has not been proven ([@j_hukin-2019-0024_ref_019]). On the other hand, deficits in static and dynamic balance have been discussed as important intrinsic risk factors of sustaining lower extremity injuries ([@j_hukin-2019-0024_ref_012]; [@j_hukin-2019-0024_ref_059]).

Handball is a complex intermittent sport game, which requires several motors abilities such as sprinting or jumping, to drive physical actions based on flexibility and throwing velocity ([@j_hukin-2019-0024_ref_017]). These abilities contribute to the high performance of a team ([@j_hukin-2019-0024_ref_018]; [@j_hukin-2019-0024_ref_027]) and require static and dynamic control of balance. It is important to note that maintenance of good

postural control depends upon continual integration of sensory inputs from visual, vestibular, and somatosensory receptors (i.e., proprioceptors and mechanoreceptors) by the central nervous system which will assess the body position and the movement ([@j_hukin-2019-0024_ref_038]). It refers to stances and being in the correct position for each technique executed and demands on strength, flexibility and sensory motor awareness ([@j_hukin-2019-0024_ref_053]). For instance, in the game of handball, a player has to either pass or receive the ball, which could occur while a player is static or in motion. In this circumstance, the player needs to maintain their posture over the base of the support without swaying. Several clinical and laboratory methods have been developed to assess different dimensions of balance in order to assist clinical decision‐making with respect to interventions for balance‐related deficits. The most prevalent test for static balance consists of recording the Centre of Pressure (CoP) displacements ([@j_hukin-2019-0024_ref_037]; [@j_hukin-2019-0024_ref_041]). These recordings can be made according to specified duration as a subject attempts to stand motionless on a force plate, in a unipedal or a bipedal stance, with eyes open or closed ([@j_hukin-2019-0024_ref_004]; [@j_hukin-2019-0024_ref_033]). Minimal CoP displacements are indicative of good balance and the CoP measured from a force plate is generally considered the gold standard measure of balance ([@j_hukin-2019-0024_ref_011]). Although there is some evidence on an association between greater postural sway and increased risk of injuries ([@j_hukin-2019-0024_ref_030]; [@j_hukin-2019-0024_ref_047]; [@j_hukin-2019-0024_ref_057]), many questions remain in relation to the negative influence of impaired balance on sport performance ([@j_hukin-2019-0024_ref_061]). Though this may be true for shooting ([@j_hukin-2019-0024_ref_006]; [@j_hukin-2019-0024_ref_031]) or archery ([@j_hukin-2019-0024_ref_005]), findings have shown that in many other sports, highly skilled athletes are able to perform successfully in spite of increased postural sway ([@j_hukin-2019-0024_ref_061]). Objective evaluation of stabilometric variables may be interesting to assess and consider functional parameters by the management of postural control according to the characteristics of sport activities.

The human foot is the direct interface between the body and the ground during practice, and could be considered as a sensory structure that provides somatosensory feedback and contributes to balance control ([@j_hukin-2019-0024_ref_024], [@j_hukin-2019-0024_ref_022]) and posture awareness ([@j_hukin-2019-0024_ref_043]). The increased distribution of cutaneous afferents in the toes compared with the heel ([@j_hukin-2019-0024_ref_020]; [@j_hukin-2019-0024_ref_049]) may reflect the postural significance of feedback from the toes in regard to the control of standing balance ([@j_hukin-2019-0024_ref_020]; [@j_hukin-2019-0024_ref_049]; [@j_hukin-2019-0024_ref_060]; [@j_hukin-2019-0024_ref_054]). In fact, the toes play a unique and important role in standing balance ([@j_hukin-2019-0024_ref_032]; [@j_hukin-2019-0024_ref_052]; [@j_hukin-2019-0024_ref_050], [@j_hukin-2019-0024_ref_051]; [@j_hukin-2019-0024_ref_054]). For example, a low focal additional thickness placed under the toes showed a change in stabilometric parameters of the CoP ([@j_hukin-2019-0024_ref_054]). Therefore, the purpose of the present study was to evaluate the effects of a low additional thickness placed only under the great toe on the CoP measures in elite women handball players. On the assumption that mechanoreceptors are activated by moderate mechanical stimuli ([@j_hukin-2019-0024_ref_055]), it was hypothesized that static balance ability would change with the low focal additional thickness used to compute these measures.

Methods {#j_hukin-2019-0024_s_002}
=======

Participants {#j_hukin-2019-0024_s_002_s_001}
------------

Fourteen elite women handball players voluntarily participated in this study. They gave their informed consent to the experimental procedure as required by the Declaration of Helsinki and the university (UPHF) review board. Toe deformity and orthopedic or neurological disorders which could influence postural control were exclusion criteria. Skin sensitivity to pressure was evaluated on the toes using a monofilament Semmens‐Weinstein 5.07 ([@j_hukin-2019-0024_ref_003]). The monofilament was applied perpendicularly under each toe until they were bent for approximately 2 s. Participants were instructed to provide confirmation each time they felt the monofilament under their toes. When participants failed to sense the monofilament after its bending, they were excluded from this study.

Design and Procedures {#j_hukin-2019-0024_s_002_s_002}
---------------------

Postural oscillations were recorded for each participant using a force plate (AFP / APE85, 40 Hz/16‐bit, Win‐posturo®, Médicapteurs©, France) and analyzed with software (v; 1.8, Win‐ posturo®) coupled to the force plate. Participants stood upright on the platform, with lowered arms, barefoot, with heels 2 cm apart and feet away at 30°. Data were collected with a sampling frequency of 40 Hz over 51.2 s. The foot position was marked on the platform and repeated for both conditions. The average of three consecutive measurements was recorded. The participant's task was to stand as still as possible during the trial. Two randomized conditions were compared: additional thicknesses under the great toe (TUGT), 0 mm (control) and 0.8 mm. TUGT were made of rigid polyester resin and with an ovular form. They had a width of 28 mm and a length of 35 mm. The hardness was 60 Shore A, and the density was 250 kg/m^3^. TUGT were placed under the plantar surface of the great toe of both feet. There was no time to adapt to different conditions. In order to avoid the phenomenon of habituation of the plantar cutaneous mechanoreceptors, a two‐ minute period of seated rest separated each recording ([@j_hukin-2019-0024_ref_014]). Under each condition, four variables were computed from the CoP displacements: (i) the surface of CoP excursions; (ii) the frontal (X) mean position of the CoP; (iii) the sagittal (Y) mean position of the CoP, and; (iv) the mean speed of the CoP.

Note that these CoP measures are widely employed in clinical practice to assess individual's postural control capacities during an unperturbed stance ([@j_hukin-2019-0024_ref_041]).

Statistical analysis {#j_hukin-2019-0024_s_002_s_003}
--------------------

Statistical analysis was performed using SPSS statistics software. A paired T‐test was performed for each variable ([Table 1](#j_hukin-2019-0024_tab_001){ref-type="table"}) since the Shapiro‐Wilk test revealed a normal distribution of the data. For all analyses, the threshold of significance was set at *p* \< 0.05.

###### 

Postural results and p value of the paired T‐test

  Postural parameters               Control        TUGT 0.8       *p*
  --------------------------------- -------------- -------------- ----------
  **Surface of CoP (mm^2^)**        **174 ± 58**   **149 ± 65**   **0.04**
  Y (Mean Y position of CoP, mm)    ‐40 ± 12       ‐35 ± 11       0.54
  X (Mean X position of CoP, mm)    ‐4 ± 6         ‐4 ± 5         0.857
  **Mean of speed of CoP (mm/s)**   **8 ± 1.9**    **7 ± 1.8**    **0.01**

Means and standard deviations of postural parameters for both condition. p values of the paired T‐test for the postural parameters, the significant ones are in bold letters

Results {#j_hukin-2019-0024_s_003}
=======

As shown in [Figure 1](#j_hukin-2019-0024_fig_001){ref-type="fig"}, a difference with TUGT 0.8 compared to control condition was observed for two of the four variables: the surface of CoP excursions and the average speed of the CoP. No difference was observed for the sagittal (Y) and the frontal (X) mean position of the CoP.

![Error bars represent the standard error. The \* denotes a statistically significant difference with p \< 0.05. CoP: Centre of Pressure, Control: Control condition (0 mm), TUGT: Thickness Under Great Toes (0.8 mm). **(b) Average speed of the CoP (mm/s) for all conditions**. Error bars represent the standard error. The \*\* denotes a statistically significant difference with p = 0.01. CoP: Centre of Pressure, Control: Control condition (0 mm), TUGT: Thickness Under Great Toes (0.8 mm).](hukin-69-069-g001){#j_hukin-2019-0024_fig_001}

Discussion {#j_hukin-2019-0024_s_004}
==========

This study provides evidence that a low focal additional thickness placed under both great toes has an effect on the CoP measures used to assess static balance ability during an unperturbed stance. Our results suggest that a very small additional thickness is sufficient to change CoP measures. These postural reactions are consistent with previous reports that used mechanical stimulation of the plantar sole ([@j_hukin-2019-0024_ref_054], [@j_hukin-2019-0024_ref_055]), and could assist in changing the balance ability in athletes. Balance can be defined statically as the ability to maintain a base of support with minimal movement, and dynamically as the ability to perform a task while maintaining a stable position ([@j_hukin-2019-0024_ref_058]). Athletes generally have superior balance ability compared to non‐ athletes ([@j_hukin-2019-0024_ref_013]). The ability to maintain static or dynamic balance is likely to be linked to a specific task and possibly not a general trait ([@j_hukin-2019-0024_ref_019]). For instance, gymnasts have superior dynamic balance to soccer players and swimmers ([@j_hukin-2019-0024_ref_013]), and superior static balance to basketball players ([@j_hukin-2019-0024_ref_009]). This ability is influenced by a complexity of factors, which include sensory information, joint range of motion and strength ([@j_hukin-2019-0024_ref_037], [@j_hukin-2019-0024_ref_036]), stature and body mass ([@j_hukin-2019-0024_ref_013]), playing positions ([@j_hukin-2019-0024_ref_056]), training experience ([@j_hukin-2019-0024_ref_007]) or levels of performance ([@j_hukin-2019-0024_ref_034]; [@j_hukin-2019-0024_ref_035]). Since balance ability is fundamental for the correct execution of complex sport movements, as well as for protection against injuries, it seems interesting to be able to optimize it. Some authors have carried out prospective assessments of athletes in order to determine how stabilometric changes can be a causal factor for injuries ([@j_hukin-2019-0024_ref_030]; [@j_hukin-2019-0024_ref_047]; [@j_hukin-2019-0024_ref_057]). [@j_hukin-2019-0024_ref_030] assessed the first two weeks of the season for basketball players, and correctly described balance as a predictor of injuries, showing that those with higher postural sway values at the start of the season were the ones most injured in the long term. Similar results were found by [@j_hukin-2019-0024_ref_057] who established a correlation between poor mediolateral stability and suffering from ankle injuries later on. Also, [@j_hukin-2019-0024_ref_047] correlated all lower extremity injuries with increases in postural sway in female soccer players. Furthermore, at shooting practice during handball, static balance is important and postural sway needs to be controlled ([@j_hukin-2019-0024_ref_021]). Studies showed that bipedal static balance while throwing was associated with shooting accuracy for elite and novice rifle shooters ([@j_hukin-2019-0024_ref_006]; [@j_hukin-2019-0024_ref_031]). Therefore, improving static balance could optimize performance during handball practice, especially when throwing. Research therefore suggests that changes in both sensory and motor systems influence balance performance ([@j_hukin-2019-0024_ref_042]).

Inappropriate or defective information from any of the sensory systems (i.e., visual, vestibular, and somatosensory receptors) can result in instability due to a mismatch between incoming sensory signals ([@j_hukin-2019-0024_ref_008]). Thus, the CNS has to compensate this mismatched information from sensory receptors to correctly functioning receptors where, according to [@j_hukin-2019-0024_ref_039], the most important source of somatosensory information comes from plantar mechanoreceptors, being the most important site when balance is perturbed ([@j_hukin-2019-0024_ref_048]). In this way, the addition of a small thickness under the toes facilitated the tactile cutaneous sensation and reduced the individual's postural sway ([@j_hukin-2019-0024_ref_054]). In fact, plantar cutaneous afferents play a role in stabilizing the feet, providing an additional source of sensory input that enhances the detection of movement and controlling small‐ amplitude body sway ([@j_hukin-2019-0024_ref_024], [@j_hukin-2019-0024_ref_023]). More particularly, some studies have suggested the role of toes in postural control ([@j_hukin-2019-0024_ref_032]; [@j_hukin-2019-0024_ref_050], [@j_hukin-2019-0024_ref_051]; [@j_hukin-2019-0024_ref_052]; [@j_hukin-2019-0024_ref_054]). In order to maintain balance, toes are used to correct for postural disturbance. The toes provide a stable surface area that remains in contact with the ground and serve to relay relevant sensory information to the central nervous system ([@j_hukin-2019-0024_ref_026]). Some authors ([@j_hukin-2019-0024_ref_032]; [@j_hukin-2019-0024_ref_052]) showed that the toe muscle stimulation was capable of regulating CoP displacements, and may be a good candidate for controlling balance. In those studies, forward movement of the CoP was induced by different intensity of electrical stimulation applied to the toe muscles. Furthermore, body acceleration could be controlled during quiet standing by regulating the intensity of stimulation applied to the toe muscles ([@j_hukin-2019-0024_ref_052]). One of the explanations given by the authors was that the contracted toe muscles increased the tactile sensation at the toe, which indirectly induced the cutaneous afferent activity ([@j_hukin-2019-0024_ref_052]). This hypothesis agrees with [@j_hukin-2019-0024_ref_023] who showed that vibration to the sole of the foot behind the toes induced a soleus activity at the latency of 0.119 ± 0.028 s, which generated a small forward movement of the CoP at the latency of 0.251 ± 0.111 s followed by the CoP backward movement with the latency of 0.9 ± 0.4 s. Recently, [@j_hukin-2019-0024_ref_054] showed evidence that a small focal additional thickness placed under the toes had an effect on the CoP measures used to assess postural control during an unperturbed stance. More largely, a significant change of balance was obtained with the lowest thickness (0.8 mm), even though the contact forces induced by the lowest thickness were probably too small to mechanically stabilize the body.

In this context, our results suggest that cutaneous mechanoreceptors of the great toe were activated by a low focal additional thickness and seem to be consistent with a tactile hypothesis of [@j_hukin-2019-0024_ref_052]. These sensory signals are used to perform postural corrections when balance disturbances occur ([@j_hukin-2019-0024_ref_052]). Their use can improve balance ability ([@j_hukin-2019-0024_ref_001]; [@j_hukin-2019-0024_ref_046]; [@j_hukin-2019-0024_ref_052]) and could play an interesting role in optimizing performance and preventing injury in sports. As a clinical application, inclusion of specific plantar cutaneous feedback facilitation of athletes could be recommended in order to improve stabilometric parameters and decrease and/or eliminate their role as risk factors.

There are potential limitations when interpreting the observations reported in this paper. First, although this study showed significant effects of low cutaneous mechanical stimulation placed under both great toes on static balance, it would be necessary to consider these effects on dynamic balance. Indeed, dynamic balance is considered more challenging because it requires the ability to maintain equilibrium during a transition from a dynamic to a static state ([@j_hukin-2019-0024_ref_044]). Effective dynamic balance is necessary in the fundamental technical movements of handball such as dribbling. Handball players require consistent balance as they run at high speeds, change direction and powerfully throw the ball to pass or shoot ([@j_hukin-2019-0024_ref_040]). Second, different factors that affect static and dynamic balance such as anthropometric characteristics and motor abilities ([@j_hukin-2019-0024_ref_045]), proprioceptive balance and visual clues ([@j_hukin-2019-0024_ref_016]), strengthening programs ([@j_hukin-2019-0024_ref_028]), or training experience ([@j_hukin-2019-0024_ref_034]) should be considered. Third, since the relationship between balance ability and sport injury risk has been established ([@j_hukin-2019-0024_ref_019]), it would be interesting to consider a longitudinal evaluation of these parameters and to correlate them with the occurrence of injuries during the season.

Finally, because the study was conducted with such a specialized group of athletes, sample size was relatively small. A multicenter trial involving elite handball women players from different teams may be a good alternative.

In conclusion, cutaneous information arising from the great toes plays an important role in controlling posture. The assumption that a low focal additional thickness under the great toe may change static balance is supported by the results of the present study. However, future investigations will have to be considered in order to understand the neurophysiological mechanisms underlying these postural reactions. A small additional thickness (less than 1 mm) under the great toe could change balance control, even if these modifications are transient. It would be interesting to carry out a longitudinal assessment of these effects. Objective evaluation of stabilometric variables is interesting to improve functional parameters by postural rehabilitation according to the characteristics of sport activities. Thus, the application of focal additional tactile cues may have therapeutic benefits in relation to the development of novel clinical practice to improve balance. This way of facilitating the sensory feedback of plantar receptors is quite simple and it is possible to insert a low additional thickness into a customized sole. In this context, this brings perspectives in the management of athletes to prevent injury risk and optimize performance.
